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Background: Brain size may affect the probability of invasion of urban habitats if a relatively larger brain entails
superior ability to adapt to novel environments. However, once urbanized urban environments may provide poor
quality food that has negative consequences for normal brain development resulting in an excess of individuals
with small brains.
Methods: Here we analyze the independent effects of mean, standard deviation and skewness in brain mass for
invasion of urban habitats by 108 species of birds using phylogenetic multiple regression analyses weighted by
sample size.
Results: There was no significant difference in mean brain mass between urbanized and non-urbanized species or
between urban and rural populations of the same species, and mean brain mass was not significantly correlated
with time since urbanization. Bird species that became urbanized had a greater standard deviation in brain mass
than non-urbanized species, and the standard deviation in brain mass increased with time since urbanization. Brain
mass was significantly left skewed in species that remained rural, while there was no significant skew in urbanized
species. The degree of left skew was greater in urban than in rural populations of the same species, and successfully
urbanized species decreased the degree of left skew with time since urbanization. This is consistent with the hypothesis
that sub-optimal brain development was more common in rural habitats resulting in disproportionately many individuals
with very small brains.
Conclusions: These findings do not support the hypothesis that large brains promote urbanization, but suggest that
skewness has played a role in the initial invasion of urban habitats, and that variance and skew in brain mass have
increased as species have become urbanized.
Keywords: Birds, Brain mass, Skewness in Brain Mass, Standard deviation in Brain Mass, UrbanizationBackground
Species with large brains have been suggested to be par-
ticularly successful as reflected by establishment success
when introduced to oceanic islands (Sol and Lefebvre
2000; Sol et al. 2002, 2005). If large brains facilitate inva-
sions, we should expect that species with large brains for
their body size would be more successful in establishing
populations in urban environments. Four studies have
investigated this suggestion. First, Kark et al. (2007)
found no significant difference in relative brain mass
after adjusting for body mass in a small sample of bird
species in Jerusalem. Second, Carrete and Tella (2011)
showed that bird species with large brains for their body
size were more likely to successfully invade urban* Correspondence: anders.moller@u-psud.fr
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unless otherwise stated.environments in Argentina. Third, Evans et al. (2011)
did not find that interspecific differences in brain size
accounted for differences in population density between
rural and urban habitats. Finally, Maklakov et al. (2011)
showed that bird families that had a larger fraction of
species breeding in city centers (according to Croci et al.
2008) had large brains for their body size. Thus two
studies suggest that mean brain mass, adjusted for the
effects of body mass, predict different aspects of urban in-
vasion. However, these analyses did not address whether
mean brain mass or a third variable correlated with mean
brain mass accounted for the relationship between success-
ful urban invasion and brain size. Here we explicitly test if
mean brain size, variance in brain size or skewness in brain
size account for differences in urbanization.
Large brains are more costly to produce and maintain
than small brains because of their antioxidant require-
ments (e.g. Bains and Shaw 1997; Hoffman and Heinzentral. This is an Open Access article distributed under the terms of the Creative
ommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and
iginal work is properly credited. The Creative Commons Public Domain
g/publicdomain/zero/1.0/) applies to the data made available in this article,
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by brain tissue (Laughlin et al. 1998; Nilsson 1999; Ames
2000; Laughlin 2001). Therefore, more nutrients and en-
ergy are allocated to a large brain (Laughlin et al. 1998;
Nilsson 1999; Ames 2000; Laughlin 2001), development
of a large brain produces more free radicals (e.g. Bains
and Shaw 1997; Hoffman and Heinz 1998; Sewalk et al.
2001), and a large brain may take longer time to develop
(Ricklefs 2004). Thus developing a large brain may in-
crease the risk that individuals encounter periods with
inadequate food or nutrient supply such as antioxidants.
A recent study of brain size in birds exposed to radiation
from Chernobyl showed a surplus of individuals with
small brains in areas with high levels of radiation
(Møller et al. 2011). Because ionizing radiation produces
large amounts of free radicals, these are eliminated by
antioxidants that are generally strongly limiting in radio-
actively contaminated areas (Møller et al. 2005). Because
normal brain development produces large amounts of
free radicals, animals living in radioactively contami-
nated areas suffer from reduced brain development
(Møller et al. 2011). Studies of brain size (Nyagu and
Loganovsky 1998) and brain function in humans ex-
posed to radiation (Almond et al. 2007; Heiervang et al.
2010) have shown a surplus of individuals with small
brains and poor brain function. Therefore, an environ-
ment characterized by high production of free radicals
and high use and/or low availability of antioxidants, such
as radioactively contaminated areas, may cause inferior
brain development, leading to greater variances and
more left skewed frequency distributions of brain size.
The objectives of this study were to test (1) if mean,
variance and skew in brain mass explained variation in
successful urbanization, as expected if species with large
brains, species with homogeneous brain sizes and spe-
cies with frequency distributions of brain mass without
skew facilitate invasion of urban habitats; (2) if mean,
variance and skew in brain mass have increased from
the ancestral rural to the current urban populations of
the same species, as expected if urban habitats provide
food of low quality; and (3) if mean, variance and skew
in brain mass in urban populations have changed with
time since urbanization, as expected if urbanization has
led to local adaptation to urban environments. To this
end we exploited a unique dataset on brain mass of
birds collected during the last 40 years.
Methods
Brain and body mass
Brain mass was derived from post-mortem examinations
of dead birds that had been frozen and measured by JE
on a precision balance to the nearest 0.001 g, blindly
with respect to the hypotheses under test. A detailed de-
scription of the standardized preparation procedure thatrelies on extraction and weighing of the entire brain can be
found on the web site of JE (http://www.birdresearch.dk/).
Almost all specimens came from Southern Denmark, and
hence urban and rural birds originated from the same gen-
eral area. The general public delivered all specimens, and
there is no reason to believe that there is any bias in the
data. In brief, JE during standard preparation of bird skins
removed the brain from the skull and placed it on a piece
of paper on the precision balance. All brains were carefully
inspected for any damage due to collision or other causes,
and only undamaged brains were included in the samples.
Body mass was recorded on a precision balance to the
nearest 0.1 g. We assumed that storage and preparation ef-
fects on measurements only resulted in random noise in
the data, although all specimens were prepared in the same
way by the same person. Mean brain sizes for different spe-
cies were significantly positively correlated with those re-
ported in the literature (e.g. Crile and Quiring 1940;
Portmann 1947; Armstrong and Bergeron 1985; Mlikovsky
1990), providing a large and highly significant repeatability
(F = 119.37, d.f. = 34, 206, p < 0.001; R = 0.980). This justi-
fies that the data are reliably reflecting true brain size. The
current database used for the present study consisted of
brain mass for 2721 individuals, given the requirement that
all individuals should belong to species that allowed esti-
mates of mean, standard deviation and skewness. Sample
sizes differed among analyses due to missing values for
some species (for example, information on whether a spe-
cies was urbanized or not was available for more species
than which year a species was urbanized). Therefore, we
report sample sizes for all analyses in the tables.
Defining urbanization and timing of urbanization
We defined urban areas as built-up areas with continu-
ous one-family houses and multi-storey buildings with
interspersed areas of roads, parks and gardens. In con-
trast, nearby rural areas consisted of farmland, forests,
moors, lakes and other habitats with scattered houses
and farms. This operational definition is similar to that
provided by Klausnitzer (1989), Gliwicz et al. (1994) and
Stephan (1999). We used two criteria for defining suc-
cessful urbanization: (1) Higher population density of
breeding birds in urban than in nearby rural habitats,
and (2) timing of urbanization (Møller et al. 2012).
Higher population density of breeding birds in urban
than in rural habitats. We used extensive published in-
formation on the population density of breeding birds to
determine whether a species could be considered to be
urbanized or not, using Cramp and Perrins (1977-1994)
and (Glutz von Blotzheim and Bauer 1966–1997) as
sources. These two main handbooks on the birds of the
Western Palearctic have collated information in a simi-
lar, consistent and stringent way, allowing comparison
among species. This information was combined with our
Table 1 Phylogenetic analyses of urbanization (yes, no) in
relation to body mass and the three first moments of
brain mass for 108 species of birds with the number of
independent evolutionary events being 28
Variable F p Slope SE Effect size
Body mass 0.06 0.95 0.001 0.024 0.05
Brain mass 3.00 0.095 0.026 0.015 0.31
SD brain mass 5.22 0.031 0.052 0.023 0.40
Skewness brain mass 10.20 0.0036 -0.248 0.078 0.52
The models were weighted by sample size. Effect size was estimated as
Pearson’s product-moment correlation coefficient.
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birds. For a species to be classified as urbanized it
should fulfill two criteria: (1) It should have populations
breeding inside towns and cities, and (2) population
densities in towns and cities should in at least one city
be higher in urban than in nearby rural habitats. This re-
sulted in a total of 63 urbanized species out of the 526
species of breeding birds.
Timing of urbanization. Bird species that have been
urbanized since long will have spent more generations in
urban areas, and hence will have had longer time to
adapt to this novel environment. We estimated the ap-
proximate year of urbanization in cities in Denmark as
described in detail by Møller (2008, 2009, 2010). Thus
information on brain size and urbanization originated
from the same area. Timing of urbanization will result
from colonization followed by establishment, or extinc-
tion and perhaps subsequent re-colonization. Obviously,
there is no information on such processes, nor is there
empirical information about the development of urban
population sizes since colonization. Here we assume that
colonization of urban environments can be approxi-
mated from observations by keen ornithologists who ha-
bitually closely follow changes in composition and
distribution of birds in the neighborhood where they
live. Any heterogeneity in colonization processes or in-
crease in population size will cause noise in the data and
ultimately make it more difficult to discern any patterns.
We estimated the year when different species became
urbanized using two different approaches. First, we
asked keen amateur ornithologists to state when differ-
ent species of birds were first recorded breeding in
urban areas. An approximate year of urbanization was
recorded, with a conservative value of 1950 assigned to
species that were known to breed in urban habitats be-
fore the observers started watching birds. Second, we re-
corded timing of invasion of urban environments from
old published records going back the start of the 1900’s.
If the year of urbanization was before records reported
in these sources, we assigned 1850 as the year of
urbanization. Although urbanization is likely to have oc-
curred much earlier for many species that are closely as-
sociated with humans such as house sparrow Passer
domesticus and rock pigeon Columba livia, these esti-
mates are conservative. See Møller (2008, 2009, 2010)
and Møller et al. (2012) for a detailed description of this
approach and for statistically significant cross-validation
among observers, cities and methods. All data are re-
ported in Additional file 1: Tables S1 and S2.
Statistical analyses
We used log10-transformed brain mass for different spe-
cies in the statistical analyses. We tested if brain mass
was positively correlated with a standard measure ofskeletal body size (tarsus length), as would be expected
if there was allometry. We found only very weak evi-
dence of allometry because log10-transformed brain mass
only increased weakly with log10-transformed tarsus
length in a model that also included species as a random
factor (partial effect of tarsus length in an analysis of all
individuals with information on brain mass and tarsus
length: F = 23.29, d.f. = 1, 3333, r2 = 0.007, p < 0.0001,
partial r = 0.08). Therefore, we did not consider this mar-
ginal effect of allometry in the subsequent analyses.
However, the conclusions of the subsequent analyses re-
ported in the Results do not change if tarsus length was
entered as a covariate.
We calculated mean, standard deviation and skewness in
brain mass for each species, but also separately for samples
from rural and urban populations of the same species and
used these estimates in the subsequent analyses. We did
not use coefficient of variation because it is a composite
variable that depends on both mean and standard devi-
ation. Hence, the use of coefficient of variation would
make interpretation difficult. Standard deviation generally
increases with mean, and this problem was addressed by
inclusion of both variables as predictors. We analyzed
whether presence or absence of urbanization was related
to body mass, brain mass, SD in brain mass and skewness
in brain mass in a phylogenetic multiple regressions
weighted by sample size (Table 1). In a second series of in-
traspecific analyses we used paired t-tests to analyze if rural
and urban mean brain mass, SD in brain mass and skew-
ness in brain mass differed significantly (Table 2). Finally,
we tested whether year of urbanization was related to body
mass, brain mass, SD in brain mass and skewness in brain
mass in a phylogenetic multiple regressions weighted by
sample size (Table 3). Although body mass was correlated
with mean brain mass and standard deviation in brain
mass, multicollinearity as assessed by the Variance Inflation
Factor (VIF) did not bias parameter estimates in the
models. VIF ranged between 1 and 3, i.e. well below the
commonly accepted threshold of 5-10 that indicates ser-
ious collinearity problems (McClave and Sincich 2003).
Most statistical analyses assume that data points pro-
vide equally precise information about the deterministic
Table 2 Mean (SE) for brain mass, SD in brain mass and skewness in brain mass for matched rural and urban
populations of 71 species of birds
Variable Rural mean Rural SE Urban mean Urban SE t p Effect size
Mean 1.799 1.119 0.807 1.118 0.858 0.39 0.103
SD 0.176 1.109 0.185 1.108 0.697 0.49 0.084
Skewness 0.157 0.110 -0.288 0.104 -2.756 0.0075 0.315
The t-test is a paired t-test for the difference between rural and urban populations. The models were weighted by sample size. Effect size was estimated as Pearson’s
product-moment correlation coefficient.
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the error term is constant over all values of the predictor
variable (Sokal and Rohlf 1995). Garamszegi and Møller
(2010) showed that bias due to variation in sample size is
as large a problem in comparative analyses as considering
species as statistically independent observations. If this as-
sumption of even sampling effort is violated, weighting
each observation by sampling effort allows the use of all
data, giving each datum a weight that reflects its degree of
precision due to sampling effort (Draper and Smith 1981;
Neter et al. 1996; Garamszegi and Møller 2010). This pro-
cedure will also allow both rare and common species to be
included and hence avoid any bias in sampling due to rar-
ity. We weighted comparative statistical models by sample
size, estimating weights for each contrast by calculating the
mean sample size for the taxa immediately subtended by
that node in the phylogeny (Møller and Nielsen 2007).
Thus if sample size for two branches was 5 and 10, respect-
ively, the sample size at the node connecting these two
species and hence the weight was (5 + 10) / 2 = 7.5.
We evaluated the magnitude of associations between
predictor and response variables using effect sizes esti-
mated as Pearson’s product-moment correlation coeffi-
cient based on the standard conversion of F-statistics
into Pearson’s r (Rosenthal 1994). Cohen (1988) pro-
posed explicit criteria for judging whether effects are
small (Pearson r = 0.10, explaining 1% of the variance),
intermediate (r = 0.30, 9% explaining of the variance) or
large (r = 0.50, explaining 25% of the variance), and we
adopt these criteria here.
We analyzed the relationship between urbanization
and the three first moments (mean, variance, skew) of
brain mass and body mass, but also the relationshipTable 3 Phylogenetic analysis of year when different species
the first three moments of brain mass
Variable Sum of squares d.f. F
Body mass 6578.35 1 1.55
Brain mass 314.30 1 0.07
SD in brain mass 66134.38 1 15.5
Skewness in brain mass 74147.01 1 17.4
Error 437295.56 103
The model had the statistics F = 12.89, d.f. = 4, 103, r2 = 0.11, p < 0.0001. The model
moment correlation coefficient.between year of urbanization and the three moments of
brain mass using a phylogenetic approach to control sta-
tistically for the fact that observations for different spe-
cies are not statistically independent (Felsenstein 1985).
We calculated statistically independent linear contrasts
as implemented in the Apple Macintosh-based software
CAIC v2.6.9, using the CRUNCH algorithm for continu-
ous variables and the BRUNCH algorithm for discrete var-
iables (Purvis and Rambaut 1995). We constructed a
composite phylogeny of all species in our database, based
on Davis (2008). The phylogeny is shown in Additional
file 1: Figure S1. All branches were assigned the same
length although analyses performed assuming uneven
branch lengths produced similar results (details not
shown). Deleting contrasts with extreme residuals to
test for robustness of the conclusions (Purvis and Rambaut
1995) did not change the results. Contrasts were analyzed
by forcing regressions through the origin, because the
dependent variable is not expected to have changed if there
is no change in the independent variable (Harvey and Pagel
1991). All analyses were made with JPM version 10.0 (SAS
Institute Inc 2012).
Results
Brain mass and invasion of urban areas
Species that have become urbanized differed from non-
urbanized species by being more variable in brain mass
(as reflected by the standard deviation) and having a
higher degree of left skewed brain mass than non-
urbanized species (Table 1; Figure 1A and B), with effect
sizes being intermediate to large. In contrast, body mass
and mean brain mass were not significant predictors of
urbanization (Table 1).of birds became urbanized in relation to body mass and
p Estimate SE Effect size
0.21 27.69 22.24 0.12
0.79 10.57 38.86 0.03
8 0.0001 -63.70 16.14 0.36
6 < 0.0001 12.17 2.91 0.38
was weighted by sample size. Effect size was estimated as Pearson’s product-
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populations
The only significant difference in brain mass between
rural and urban populations of the same species was a
higher degree of left skew in urban populations (Table 2;
Figure 2). The relationship between the other two mo-
ments of brain mass and urban or rural habitat had
small effect sizes and were not significant (Table 2).
Time since urbanization was significantly negatively
related to standard deviation in brain mass, and degree
of left skew increased with time since urbanization with
an intermediate to large effect size (Table 3; Figure 3A
and B). In contrast, the relationship for mean brain mass
and time since urbanization was not statistically signifi-
cant (Table 3).Figure 1 Box plots of log10-transformed standard deviation and
skewness in brain mass in relation to whether a bird species was
urbanized or not. (A) Box plots of log10-transformed standard
deviation in brain mass in relation to whether a bird species was
urbanized or not. (B) Box plots of skewness in brain mass in relation
to whether a bird species was urbanized or not. Box plots show
median, quartiles, 5- and 95-percentiles and extreme observations.
Figure 2 Box plot of skewness in brain mass in rural and urban
populations of the same species of birds. The box plot shows
median, quartiles, 5- and 95-percentiles and extreme observations.Discussion
Bird species that became urbanized had greater variance
and less skew in brain mass compared to species that
remained rural, while there was no significant difference in
body mass or mean brain mass for the two categories of
species. There were also significantly greater skew in fre-
quency distributions of brain mass in urban compared to
rural populations of the same species. Variance in brain
mass decreased and the degree of left skew in brain mass
increased with time since urbanization. These findings
imply that aspects of brain size differed between species
that successfully invaded urban areas and species that
remained rural, but also that frequency distributions of
brain size diverged between rural and urban populations of
the same species following initial urbanization.
Previous studies of brain size and urbanization have
either compared the fraction of species in different fam-
ilies that were urbanized in relation to relative brain size
(Maklakov et al. 2011), or the relationship between de-
gree of urbanization and relative brain size in different
species (Kark et al. 2007; Carrete and Tella 2011; Evans
et al. 2011). Here we analyzed the three first moments
(mean, standard deviation, skewness) of brain size and
invasion of urban habitats based on 108 species. While
standard deviation and skewness in brain mass predicted
urbanization, there was no evidence that mean brain
mass or body mass were significant predictors. These
novel findings arise from the broader range of moments
included in the present analyses compared to those in
previous publications.
The present study is the first to address whether
urbanization is associated with divergence in relative
brain size between neighboring populations inhabiting
rural and urban habitats. Urban populations have
Figure 3 Standard deviation in brain mass and skewness in
brain mass in relation to year of urbanization. Standard deviation
(A) and (B) skewness were adjusted for the other predictor variables
in Table 3. The lines are the linear regression lines. Observations are
species-specific values.
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different urban habitats also show significant genetic
divergence (Fulgione et al. 2000; Rutkowski et al. 2005;
Baratti et al. 2009; Evans et al. 2009; Björklund et al.
2010). A higher degree of left skew in brain mass in
urban populations compared to nearby rural populations
of the same species suggests that urban habitats may
constitute inferior habitats for normal brain develop-
ment or that urban habitats allow for the survival of a
broader spectrum of phenotypes. This hypothesis is sup-
ported by the fact that levels of vitamin E are consider-
ably lower in urban than in rural populations of the
same species (Møller et al. 2010). This divergence in
vitamin E levels between rural and urban habitats in-
creased with time since urbanization and the number of
generations in urban environments (Møller et al. 2010).
An alternative explanation is that a high degree of left
skew in brain mass in urban compared to rural habitats
reflects less intense selection against individuals with
small brains in urban environments. This hypothesis is
unlikely, given that urban birds that had fallen prey to
cats had lower levels of vitamin E in the liver than non-
prey of the same species (Møller et al. 2010), and that
lower levels of vitamin E were associated with develop-
ment of small brains (Møller et al. 2011).Brain size of birds became more variable and more left
skewed with time since urbanization (Table 3). These two
effects were statistically independent (Table 3), suggesting
that a larger variance was not a simple consequence of left
skewed frequency distributions. Therefore, the greater vari-
ance in brain size since urbanization is consistent with the
a priori prediction that urban populations become adapted
to diverse urban habitats (Møller 2010, 2011). The higher
degree of left skew in brain mass in urban habitats suggests
that quality or quantity of food in urban environments does
not allow all individuals to develop normal sized brains.
Experimental studies based on variation in quality of food
support this assumption (Bonaparte et al. 2011). Because
normal brain development requires large amounts of anti-
oxidants, the low levels of vitamin E in livers of urban com-
pared to rural birds (Møller et al. 2010) may cause a large
fraction of individuals developing small-sized brains.
Conclusions
Variance and skewness in brain size of birds predicted
initial probability of invasion of urban habitats, and vari-
ance and skewness in brain size subsequently changed as
species became adapted to the urban environment.
However, there was no evidence that mean brain mass
played a role in any of these processes.
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